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Introduction

37
Methylotrophs are organisms which can use reduced organic compounds with no carbon-carbon bonds, such 38 as methane, methanol, or methylamine, as their sole source of carbon and energy (Anthony, 1982 ; 39 Chistoserdova, 2011) . There are over 200 described species of methylotrophs belonging mostly to the Alpha-, 40
Beta-, and Gammaproteobacteria, but also to Verrucomicrobia, Bacteroidetes, Firmicutes, and Actinobacteria 41 (Madhaiyan et al., 2010; Kolb and Stacheter, 2013). The majority of methylotrophs are aerobic bacteria, and 42 almost all are able to utilise methanol (Anthony, 1982; Chistoserdova, 2011) . The catalysis of methanol to 43 6 the similarity between alpha-and betaproteobacterial sequences is relatively high, which leads to a less robust 132 classification on class and order level than on lower taxonomic levels, as indicated by lower bootstrap values 133 (see Supplementary Figure 1 ). The presence of multiple, divergent gene copies in Methylocella and 134
Xanthobacter might be a hint at occurrences of horizontal gene transfer. In some organisms, such as 135
Rhodobacter sphaeroides and Beggiatoa alba, XoxF5 is present as the only functional methanol 136 dehydrogenase (Jewell et al., 2008; Wilson et al., 2008) . In Methylobacterium extorquens AM1, xoxF5 is 137 required for expression of the methanol dehydrogenase MxaFI (Skovran et al., 2011) . Given the high diversity 138 and widespread appearance of xoxF5, the function of these genes cannot be generalised, and involvement of 139 the gene in further processes cannot be excluded. 140
All known methylotrophs that possess the classic methanol dehydrogenase gene mxaF additionally have at 141 least one xoxF, typically from clade xoxF4 or xoxF5. Genes of these two clades also have been previously 142 detected in metagenomic sequences obtained from marine samples (Gilbert et al., 2010) . As xoxF4 and xoxF5 143 are most likely to play a role in marine C1 cycling, and all representative xoxF genes with a demonstrated 144 function in C1 metabolism belong to these clades (with the exception of the xoxF2 of Methylacidiphilum 145 fumariolicum SolV), they are the focus of this study. All xoxF4 and xoxF5 sequences are covered by the 146 respective primer sets, with the exception of the xoxF of extremophilic Acidiphilium species 147 (Alphaproteobacteria), which are only distantly related to xoxF5 (see Figure 1) , and not expected to play a role 148 in marine environments. 149
Testing of primers with genomic DNA from reference strains 150
To confirm specificity of the designed primer sets, PCR assays with genomic DNA of reference strains 151 containing different xoxF genes were performed. For xoxF1 and xoxF3, DNA from Methylocella silvestris BL2, 152
Methyloferula stellata AR4 and Methylobacillus flagellatus KT (xoxF3 only) was used. For xoxF4, DNA from M. 153 flagellatus KT and Methylotenera mobilis JLW8 was used. For xoxF5, several reference strains were available: 154
Methylosinus trichosporium OB3b, M. silvestris BL2, Sagittula stellata E-37, Methylococcus capsulatus Bath, 155
Methylophaga marina DSM 5689, M. stellata AR4 and Roseobacter denitrificans OCh 114. Unfortunately, no 156 reference strains were available that possess xoxF2 genes. Interestingly, the primer set was used to retrieve a 157 xoxF2 sequence related to Verrucomicrobia from DNA of a soil enrichment culture (unpublished data). PCR 158 products with reference DNA were obtained for xoxF1 and xoxF3 to xoxF5 (see Supplementary Figure 2 ). The7 identity of all PCR products was confirmed by Sanger sequencing of clone libraries. Little or no cross-specificity 160 or unspecific products were observed. The only exceptions were the xoxF1 primer set, which produced non-161 specific bands with some of the strains used, and the xoxF4 primer set, which also amplified several xoxF5 162 genes. Products of the latter were clearly distinguishable from genuine xoxF4 amplicons on agarose gels due to 163 a smaller size, as xoxF5 genes have an 84 bp deletion compared to xoxF4 in the region targeted by the xoxF4 164 primer set. Reinvestigation of the primer binding sites revealed that 21 and 12 of the 102 xoxF5 genes had one 165 or no mismatch with the forward and reverse primer, respectively. The cross-specificity could not be narrowed 166 down to a particular group of xoxF5 sequences. On average, both forward and reverse primer had 2.4 167 mismatches per xoxF5 gene as opposed to 0.24 (fwd) and 0.47 (rev) mismatches per xoxF4 gene. As no 168 alternative regions conserved in all available xoxF4 genes were found, the primer set was further used to test 169 whether the cross-specificity would be of relevance when investigating environmental DNA. 170
Detection of xoxF in environmental DNA by PCR assays 171
To test the PCR primer sets as an assay for xoxF diversity in environmental habitats, water samples were 172 collected in four coastal marine environments around the UK, including the Western Channel Observatory 173 Station L4 (L4; salinity ~35, surface sample, water column depth ~50 m); Stiffkey Salt Marsh (SM; salinity ~30, 174 sample taken from aqueous layer above sediment, high turbidity due to sediment resuspension), Cromer 175 Beach (CB; surface sample, water column only a few meters deep) and offshore of Lowestoft (LO; bottom of a 176 water column only a few meters deep). It has previously been shown that methanol concentrations in surface 177 seawater at L4 and across the Atlantic ocean range between 34-97 nM (Beale et al., 2015) . Algeal growth and 178 decay, atmospheric influx, precipitation and methane oxidation (most likely in SM) have been discussed as 179 potential sources of methanol, but their contribution to the overall methanol budget still has to be elucidated 180 DNA extracted from these samples was used as template for PCR reactions. Sanger sequencing was done to 185 verify gene identity, and a subset of samples was selected for analysis by 454 pyrosequencing to investigate 186 diversity of xoxF genes. PCR products were obtained with primer sets targeting xoxF5 and xoxF4, with the 187 8 latter being detected in L4 and SM but not in CB or LO (see Supplementary Figure 3 ). XoxF4 PCR products 188 showed the expected size, and in some samples, a weaker, additional band at a slightly lower size, 189 corresponding to that of the xoxF5 gene, was visible. Sanger sequencing confirmed the presence of xoxF4, with 190 only a low abundance of xoxF5 products. Interestingly, with CB and LO DNA, where no xoxF4 product was 191 obtained, also no amplification of xoxF5 was observed with the xoxF4 primer set. As xoxF5 genes were 192 detected in these samples with the xoxF5 primer set, it can be excluded that the presence of xoxF5 might 193 prevent amplification of the xoxF4 genes. Thus, the cross-specificity observed on reference DNA was 194 confirmed, but was not considered to be a major problem for this study. PCR assays targeting xoxF1, xoxF2 and 195 xoxF3 only produced very faint bands with environmental DNA (see Supplementary Figure 3) , and sequencing 196 of these bands did not reveal any xoxF products. Hence, only xoxF4 and xoxF5 genes seem to have been 197 present in sufficient abundance in the investigated marine samples to be detected by PCR. The corresponding 198 amplicons were selected for 454 pyrosequencing. 199
Pyrosequencing of xoxF4 and xoxF5 amplicons 200
For analysis of xoxF4 and xoxF5 diversity, sequences were extracted from raw 454 amplicon pyrosequencing 201 data, quality filtered, trimmed and binned to OTUs. Verification of gene identity and phylogenetic analysis was 202 performed by alignment with reference sequences followed by construction of neighbor joining (NJ) and 203 maximum-likelihood (ML) phylogenetic trees. OTUs that did not belong to the respectively targeted clade were 204 discarded from further analysis. For xoxF5 amplicons, this involved less than 1 % of the sequences. For xoxF4 205 amplicons, which showed cross-specificity to xoxF5 as described above, less than 10 % of the sequences were 206 excluded for the L4 amplicon, but almost 40 % of the sequences for the SM amplicon. The majority of the 207 excluded sequences were xoxF5, with some additional mxaF sequences. Based on the results obtained using 208 reference DNA, this problem was expected, but the remaining xoxF4 sequences still provided a satisfactory 209 basis for further analysis. An overview of the number of obtained sequences and OTUs is given in 210 Supplementary Table 1 . 211
Phylogenetic analysis of xoxF4 genes 212
Genes of the xoxF4 clade are specific to the family Methylophilaceae of the Betaproteobacteria. recovered from L4 and SM are highly similar to genes from organisms that employ XoxF for methanol oxidation, 228 which suggests a possible role for xoxF4 in C1 metabolism in these environments. However, the additional 229 presence of mxaF in the organisms detected cannot be excluded, as only relatedness to, but not identity with 230 the reference sequences can be assessed. 231
Phylogenetic analysis of xoxF5 genes 232
The clade xoxF5 comprises the majority of known xoxF sequences and is present in a wide range of 233 Proteobacteria. A high diversity of xoxF5 OTUs, covering almost all major phylogenetic groups, was observed 234 (see Supplementary Figure 4 and 5). Large differences between xoxF5 gene distributions in the investigated 235 marine environments at the class level were detected (see Figure 3a) . While in DNA samples from L4 and SM, 236 xoxF5 sequences from Alphaproteobacteria were by far the dominant OTUs, LO and CB samples revealed a 237 more diverse distribution of xoxF5 genes from the Alpha-, Beta-and Gammaproteobacteria. Further 238 differences were observed at lower taxonomic levels (see Figure 3b- The PCR primer sets designed amplify a wide range of different xoxF4 and xoxF5 sequences. However, we 287 cannot exclude that bias is introduced by this PCR-based approach or that genes present in low abundance are 288 missed. Nevertheless, these new xoxF PCR assays have provided highly relevant data about the diversity of 289 xoxF in marine environments and thus present a valuable tool for further investigations on the distribution and 290 significance of xoxF. 291 clustering methods, using the maximum composite likelihood method (Tamura et al., 2004 ) and the Nei model (Tamura and Nei, 1993) to infer evolutionary distances, respectively. To provide confidence 306 estimates for tree topology, the Bootstrap method with 500 replications was used. For missing data/gaps, 307 pairwise deletion and partial deletion with 95 % cutoff was selected for NJ and ML trees, respectively. 308
Experimental Procedures
Phylogenetic classification was compared between both methods and genes were grouped into several clades 309 based on this comparison. 310
Aligned xoxF DNA sequences were inspected for conserved regions using MEGA. Consensus sequences of 311 conserved regions were used for primer design, allowing a maximum of one mismatch to a particular gene were added and the filter was incubated with rotation in a hybridization oven (Hybaid, Waltham, MA, USA) at 330 55°C for 2 h. Lysates were withdrawn with 5-ml syringes and the filters again incubated with 1 ml of SET buffer 331 and 0.15 ml of SDS solution for 30 min as described. Both lysates were combined in a 15-ml organic solvent 332 resistant tube. Two extractions with phenol:chloroform:isoamyl alcohol (25:24:1) and one with 333 chloroform:isoamyl alcohol (24:1) were performed, using 2 ml of organic solvent each. Finally, 100 µg glycogen 334 (Roche, Basel, Switzerland), 1 ml of 7.5 M ammonium acetate and 8 ml of pure ethanol were added to the 335 aqueous phase, and DNA was precipitated overnight at -20°C. Samples were centrifuged for 30 min at 4 500 x g 336 and the nucleic acid pellets were washed twice with 80 % (v/v) ethanol, dried for 15 min at room temperature, 337
and resuspended in 50 µl of Nuclease-free water. Quality and quantity of the DNA was checked using a 338 was identical to the one described above. Clone libraries were constructed using the PCR products, and five 355 clones for each strain and primer set were randomly selected for Sanger sequencing (Source BioScience, 356
Nottingham, UK) to check specificity of PCR assays. 357
Amplification and sequencing of xoxF from environmental DNA 358 PCR was performed on the extracted environmental DNA as described above. In cases where multiple 359 abundant product bands were observed on a 1 % (w/v) agarose gel, the band of the correct size was excised 360 and purified using the GeneJET Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA). Clone libraries were 361 constructed, and 10 random clones from each amplicon were selected for Sanger sequencing as described 362 above, to verify gene identity. These sequences were not used for assessment of gene diversity. For 454 363 pyrosequencing, amplicons were purified using the GeneJET PCR Purification Kit, followed by quantity and 364 quality control as described above. OTUs obtained were aligned in MEGA and phylogenetic analysis was performed as described above. For 379 verification of sequence identity, NJ trees were constructed including a selection of reference sequences from 380 the different clades of PQQ-dependent dehydrogenases. OTU sequences that did not belong to the targeted 381 xoxF clade were removed from the alignment. In a second step, sequences were trimmed to a common length, 382 also removing reverse primer binding regions, and NJ and ML trees were constructed as described above, 383 exclusively including all reference sequences from the targeted clade. Each OTU was classified using the 384 taxonomic identity of the closest reference sequence in both trees, or, if equally related to multiple reference 385 sequences, the lowest common taxonomic level was chosen, i.e., the lowest common branching point in both 386 trees. 387
Nucleotide sequence accession numbers 388
Nucleotide sequences from 454 amplicon pyrosequencing obtained in this study were deposited in the 389
GenBank nucleotide sequence database under accession numbers KM657613 -KM657640 (L4, xoxF5) , 390 Cromer Beach (CB) and offshore of Lowestoft (LO).
